Previous studies have identified a population of cells recorded in the postsubiculum and the anterior thalamic nucleus (ATN) that discharge as a function of an animal's head direction (HD) in the horizontal plane. The present experiments monitored HD cell activity when rats were confronted with a situation in which directional information from internal sensory sources (e.g., proprioceptive, vestibular, or motor efference copy) conflicted with directional information derived from familiar, external landmarks. Results showed that when a salient, familiar cue was reintroduced to rat's environment into a position that conflicted with the cell's current firing direction, HD cells in both the ATN and the postsubiculum shifted their preferred direction to reflect their originally established orientation with this cue. This finding suggests that sensory inputs onto HD cells from external landmark cues are capable of overriding spatial information developed through internal sensory cues.
The role that different sensory cues play in navigation has received increased attention during the last few years. Recent conceptualizations of spatial abilities have identified two distinct types of navigational strategies used by mammals (Gallistel, 1990; McNaughton, Chen, & Markus, 1991) . In one system referred to as the cue-landmark system, the organism computes its position and directional heading in relation to the available cues in the environment. In the other system referred to as the dead-reckoning system or inertial navigation system, the organism derives its current position and direction from monitoring internal sensory systems and comparing this information with knowledge of its prior location and orientation. These internal cues are often referred to as idiothetic inputs. Thus, an animal may integrate its own velocity with respect to time in order to estimate the distance it has traveled. In general, whereas idiothetic inputs involve the use of internally based sensory information, such as vestibular, motor efference copy, or proprioceptive input, the landmark system involves the use of sensory information external to the organism, such as visual or auditory cues. A further distinction between these two systems involves their use of information across time. To maintain accuracy, dead-reckoning input must be updated continuously. Thus, because the information from the deadreckoning system is constructed in an iterative manner, errors accumulate over time. In contrast, landmark information needs to be updated only episodically with each new experience of a particular cue in order to maintain a similar level of accuracy.
reckoning and cue-landmark systems contribute to an animal's navigational performance. Collett, Cartwright, and Smith (1986) described experiments in which gerbils were trained to locate seeds placed in a particular spot on the floor. When landmarks in the environment were rotated or displaced, the gerbils attempted to retrieve the food in an appropriately rotated or displaced spot. In the Morris water maze task, rats readily learned to swim directly to a hidden platform in a room filled with distinctive visual features, even when the rats were placed in the tank from random starting positions (Morris, 1981 ). These findings demonstrate that rodents make use of landmark visual cues in their environment to locate an escape route or a food reward.
In addition to the cue-landmark system, several studies have shown that animals also use their dead-reckoning system for orientation and to locate particular places in space. Mittelstaedt and Mittelstaedt (1980) showed that mice could compensate for a rotational episode in the dark by presumably using their vestibular system to monitor changes in orientation. This study examined the behavior of female mice when their sucklings were removed from the nest and placed in a cup some distance away. Under normal conditions, the mouse took a direct path in returning the sucklings to the nest. If the cup was rotated in complete darkness at a speed above the vestibular threshold, the mouse returned directly to where the nest was located. However, if the cup was rotated slowly below the vestibular threshold, the mouse failed to return to the correct spot but instead went to where the nest would have been if the cup had not been rotated. In another study, Matthews, Ryu, and Bockaneck (1989) examined the performance of rats trained to find a water reward in one of six arms in a radial arm maze. When an opaque start box containing the rat and placed in the center of the maze was rotated, labyrinthectomized rats were impaired at selecting the correct arm compared with a group of control rats. Taken together, these studies show that idiothetic sensory cues (e.g., vestibular inputs) provide critical information for accurate navigation.
The preferential use of particular sensory cues was exam-49 ined in a behavioral study by Etienne, Teroni, Maurer, Portenier, and Saucy (1985) , who tested the responses of hamsters when internal sensory cues conflicted with external sensory cues. They trained hamsters to return to the nest after a trip to obtain food in the presence of external orienting cues. When the environment was rotated after the hamsters had left their nest and the orienting cues were removed, the animals were still successful in returning to the nest's location. Because external orienting cues were unavailable, the hamster must have relied on idiothetic sensory information in its return journey and compensated for its rotation in the dark. However, when hamsters were allowed access to visual information after the rotation, which produced a conflict with internally generated idiothetic cues, their responses shifted with the rotation of the environment. This behavioral pattern shows that external cues are preferentially used over internal sensory cues when the two types of information conflict with one another. One way to explore how these two types of input influence an animal's navigational abilities is by recording from single neurons in the freely moving animal which are involved in processing spatial information. Previous studies have shown that cells in the hippocampus discharge in relation to the animal's location in the environment (Jung & McNaughton, 1993; Muller, Kubie, & Ranck, 1987; O'Keefe & Dostrovsky, 1971) . These cells are referred to asplace cells because the cells discharge maximally at one location within the environment and their firing rates decrease monotonically as the animal increases its distance from the center of the place field. Place cells have also been reported in the subiculum (Barnes, McNaughton, Mizumori, Leonard, & Lin, 1990; Sharp & Green, 1994) , parasubiculum (Taube, 1993) , and in the superficial layers of the entorhinal cortex (Quirk, Muller, Kubie, & Ranck, 1992) . In contrast to location specific discharge, cells in the rat dorsal presubiculum (postsubiculum) discharge as a function of the rat's head direction in the horizontal plane, independent of its behavior and location in the environment (Ranck, 1985; Taube, Muller, & Ranck, 1990a) . The direction of maximal firing of these cells is referred to as the preferred firing direction. This preferred firing direction is parallel with respect to all locations. Head direction (HD) cells have also been reported in the lateral dorsal thalamic nucleus (LDN; Mizumori & Williams, 1993) , anterior thalamic nuclei (ATN; Taube, in press), and, to a lesser extent, the retrosplenial cortex (Chen, McNaughton, & Barnes, in press) , and striatum (Wiener, 1993) .
Previous studies have shown that HD cells are influenced by input from environmental-landmark cues (Taube, Muller, & Ranck, 1990b) . Upon disorienting a rat and returning it to a familiar environment in which the visual cues have been rotated, the preferred direction of an HD cell was found to shift by the same amount. However, a visual cue was not necessary for HD cells to discharge. When the visual cues were removed and the rat returned to the chamber, HD cells continued to discharge at the same firing rate and over the same range of head directions, but the preferred direction was often shifted.
In addition to landmark cues, idiothetic cues can also influence an HD cell's preferred firing direction. When rats are allowed to walk into a novel environment, HD cell discharge is maintained and the preferred firing direction remains relatively unchanged (Taube & Burton, 1994) . Because familiar landmark cues are no longer available, HD cell activity must be relying on input from internal sources. However, once the rat enters the novel environment, it is probable that the cells begin to establish a relationship with the new cues that are present.
Some effort has been made to examine the interaction between these two types of input at the cellular level. Taube et al. (1990b) examined the firing of two HD cells when a prominent visual cue was rotated in 90°-increments in the presence of the rat. Under these conditions, the information from the landmark cue concerning the directional orientation of the rat would conflict with directional information from idiothetic sources. In this circumstance, the preferred firing direction followed the cue but usually shifted less than the amount of cue rotation. This finding suggests that cells were responsive to other inputs besides the single salient cue, even in an environment that was intended to be completely uniform. Some of these other inputs that may be interacting with the cue card's rotations could be internally generated through the dead-reckoning system. The purpose of this article is to examine more closely how HD cells respond when the inputs from the dead-reckoning and the cue-landmark systems are in conflict.
To explore this issue, we initially monitored HD cell activity in the postsubiculum and ATN in a gray cylinder containing one prominent salient cue (a white card taped to the inside wall). During this standard session, a relationship was established between the position of the cue and the preferred firing direction of the HD cell. In the next session, HD cell discharge was monitored after the rat was returned to the chamber without the card present. After 8 min of experience without the cue, the white card was returned while the rat remained in the chamber. Previous work by Taube et al. (1990b) has shown that whenever a rat is returned to the chamber with the cue removed, HD cells frequently shift their preferred direction 10° to 60° compared with the session when the cue card is present. In the present experiment, if the cell's preferred direction shifted during the card removal session, then the cue was returned to its original position. However, if the cell's preferred direction did not shift when the rat was placed in the cue-depleted environment, then the cue was returned to a 90°-rotated position. In either scenario, the goal was to determine whether the cell's preferred firing direction returned to its previously established relationship with the cue card or maintained the directional preference established in the session in which the cue card was missing. If the cell was principally responsive to cue-landmark information inside the cylinder (in this case, the white cue card), then it would immediately return to its original position when the cue card was returned. However, if the cell was principally responsive to dead-reckoning information it would remain discharging in the same preferred direction. Similarly, if the cell was responding principally to fixed cues within the recording room, which are outside the cylinder, it would also remain discharging in the same preferred direction.
Method
The procedures involved in the behavioral training, electrode construction, surgical techniques, and recording were similar to those described previously and are summarized briefly below (Taube, in press; Taube et al., 1990a) . In general, for all phases of the study, one investigator took principal responsibility for ATN-recorded rats, and the other investigator was responsible for rats recorded in the postsubiculum.
Behavioral Training and Apparatus
Female Long-Evans rats were selected for training at approximately 2.5 months of age and placed on a food deprivation diet (~ 15 g/day). Training took place in a gray cylinder 76 cm in diameter and 51 cm high. Taped to the inside wall of the cylinder was a white card covering 100° of arc that acted as a cue for directional orientation.
The rats' task was to retrieve food pellets thrown randomly into the cylinder every 10 to 15 s. The purpose of this task was to encourage the rat to visit all parts of the cylinder and thereby sample different head orientations at different locations. Training involved 2 days of handling followed by 10 to 12 days of experience retrieving food pellets in the cylinder. The rats were trained in pairs for the first 6 to 7 days and were then separated and trained individually. Training was considered complete when the rats spent 80% to 90% of their time searching for food.
Procedure
Surgery. Following behavioral training, a 10-wire electrode array was implanted above either the postsubiculum (n = 4) or the ATN (n = 4). The electrode array was moveable in the dorsal/ventral direction but fixed in the other two dimensions (for details on electrode construction, see Kubie, 1984) . Rats were anesthetized prior to surgery (Nembutal; 45 mg/kg ip), and all surgical procedures were conducted under sterile conditions. Electrodes were implanted directed toward the postsubiculum or ATN using bregma coordinates according to Paxinos and Watson (1986; postsubiculum: 6 .8 mm posterior, 2.8 mm right lateral, and 2.0 mm ventral to the cortical surface; ATN: 1.35 mm posterior, 1.4 mm right lateral, and 4.0 mm ventral to the cortical surface).
Screening. The rats were allowed to recover for 1 week following surgery before commencing daily cell screening sessions. Rats were screened for the presence of cells once or twice per day. Screening sessions took place in a different room from the training but involved an identical gray cylinder containing a single white cue card. The cue card in this cylinder was in the same absolute position relative to earth (i.e., north) as it had been during the training period. In addition, this cylinder was surrounded by a circular floor-to-ceiling black curtain (1.98 m diameter), which was centered around the cylinder.
The rat was brought into the recording room, and its headstage was attached directly to a cable suspended from a commutator that was centered on the ceiling above the cylinder. This cable transmitted the signals to the recording equipment, where each electrode wire's signal was individually amplified, bandpass filtered (300 Hz-30 kHz, ~6 dB/octave), passed through a series of window discriminators, and then displayed on an oscilloscope. When a unit's waveform was isolated sufficiently from background electrical noise, its discharge was monitored while the rat's behavior was observed on a video monitor with a video camera suspended ~ 3 m above the cylinder. During every screening session, each electrode wire was examined for the presence of an HD cell. If no HD cells were identified on any of the wires, the electrode array was advanced 30 to 120 u.m ventrally. At least 4 hr passed before beginning the next screening session.
Recording. When an HD cell was isolated, the rat was returned to its cage, and the room was prepared for the recording sessions. A thinner cable was placed between the headstage and commutator, and an LED array was attached to the end of the cable. The diode array consisted of two LEDs. A red LED was positioned over the rat's snout, and a green LED was positioned 10 cm away over the rats back. The positions of the two LEDs were monitored at 60 Hz by a video tracking system. The x, y coordinates of each LED and the number of spikes discharged during each video frame were sent to a computer (Macintosh Ilfx) and stored. For each recording session, the cell's firing rate in relation to the rat's head direction and location were computed and analyzed.
Cue card manipulations. Each HD cell's response was assessed during a series of 8-min recording sessions that involved either removal or rotation of the cue card. Throughout these sessions, an attempt was made to restrict the available external orientation cues to the white card on the inside cylinder wall. The door to the recording room was shut, and lights, other than the four symmetrically spaced lights directly above the cylinder, were turned off. During each session, the experimenter threw food pellets into the chamber over the top of the black curtain from different parts of the room so that footsteps could not be used as auditory cues. The rat was brought into the curtainedoff area in an enclosed cardboard box (the same box was used throughout the entire study) through one of three randomly selected partitions in the curtains. The experimenter then placed the rat into a randomly chosen quadrant of the cylinder and left the curtained area through different partitions each time.
A chronological list of cue card manipulations presented to the rat is displayed in Table 1 . Two variants of the. experimental series were possible. The cell's response during the second session determined which of the two series the rat received. All recording sessions were 8 min in length and were repeated if the cell's response was not adequately established with one session alone.
Each experimental series began with a session in which the cue card occupied the same position it had during the cell screening periods (Standard session). Following completion of the Standard session and while still attached to the cable, the rat was removed from the chamber and placed into the cardboard box. The cue card was then removed from the cylinder. To ensure that olfactory cues were removed from the chamber, we changed the floor paper and cleaned the cylinder walls with a damp paper towel. Before returning the rat to the cylinder, the experimenter rotated the box containing the rat while simultaneously walking around the cylinder for about 30-120 s. During this procedure, the speed and direction of the box's rotation and the experimenter's walking were continuously varied. This treatment was designed to disrupt any vestibular input that could have maintained the HD cell's preferred direction. No attempt was made to standardize Note. Series A denotes prefered directional shifts > 18° and Series B denotes shifts 18° during the no cue card sessions. this procedure; thus, later exposures were likely to involve a different speed and direction of rotation. Once the rotation treatment ended, the rat was returned to the cylinder and another recording session begun. This session is referred to as the No Cue Card session.
At the completion of the No Cue Card session, the change in the cell's preferred firing direction between the Standard and No Cue Card sessions was measured to determine the type of cue card manipulation for the next session. If the HD cell's preferred firing direction shifted more than 30°, the cue card was returned to the original position it had occupied during the standard session (Series A). However, if the cell's preferred firing direction shifted less than 30°, then the cue card was returned to the chamber in a ±90° rotated position from the standard session (Series B). (One Series A manipulation was conducted in a rat where the preferred direction only shifted 18° during the No Cue Card session; Animal C in Table 2 .) The cut-off point of 30° was selected because it was considered well above the variability observed between two consecutively recorded standard sessions (~6°). In both series, the cue card was returned to the chamber while the rat remained present in the cylinder and was thus able to view the return of the cue card. This session (whether in Series A or Series B) is referred to as the Return Cue Card session. If the card was returned to a ±90° rotated position, a final standard session was conducted with the cue returned to its original position (Standard 2 session). Prior to the start of the Standard 2 session, the rat was placed in the cardboard box, the floor paper changed, the cylinder cleaned, and the cue card repositioned. The box was then rotated, as described above, and the rat placed in the cylinder. For a few cells, an additional session was inserted between the Return Cue Card and Standard 2 sessions. For this inserted session (Rotation Control session), the rat was removed from the chamber, the floor paper changed, and the rat returned to the cylinder with the cue card still in the same position as in the Return Cue Card session. Thus, the only difference between the Rotation Control session and the Return Cue Card session was that the rat could view the card being repositioned in the latter session, but not in the former session. Both the Standard 2 and Rotation Control sessions allowed the experimenter to assess the extent to which the cell's preferred firing direction maintained a consistent relationship with the cue card compared with the first standard session.
Data Analysis
To analyze the change in the cell's preferred firing direction from session to session, we plotted firing rate as a function of the rat's head direction. Head direction was determined from the positions of the two LEDs and divided into 6° bins of analysis. The number of spikes recorded from the cell was counted for each bin. Discharge parameters, including background firing rate, preferred firing direction, peak firing rate, and directional firing range, were determined from the head direction/firing rate functions using a triangular model (see Taube et al., 1990a) . Mean values of these parameters were computed for all recorded cells. For these calculations, when either one cell was recorded more than once or two cells were recorded simultaneously, they were treated as separate units. To define the shift in the cell's preferred firing direction between two sessions, we performed a correlation analysis that determined the number of degrees the firing rate/head direction function from the second session needed to be shifted in order to obtain the maximal correlation with the first session.
To determine the mean directional shift between sessions, computations were done using the number of manipulations conducted while recording from a particular brain area, rather than the number of cells recorded or the number of rats. This procedure was used in order to avoid unfairly weighting manipulations where more than one cell was recorded simultaneously. Thus, each manipulation was treated equally, regardless of whether it was the first or last time the manipulation was performed on that particular rat. In addition, when two complete experimental sequences were made from the same cell on separate occasions, each manipulation was treated as a separate element. If two cells were recorded simultaneously, then the cell with the better electrical isolation was used as the representative indicator for the extent of change in the preferred direction. This procedure was justified based on previous results (and confirmed in the present study) showing that the preferred directions of HD cells within a particular brain structure shift in register (Taube et al., 1990b) .
Histology
At the completion of the experiment, rats were anesthetized and a small anodal current (10-20 u,A for 10 s) was passed through one of the recording wires in order to conduct a Prussian blue reaction. The rats were perfused with 10% formalin (in saline), the brains removed, and placed in 10% formalin for at least 48 hr. The brains were then placed in a 10% formalin solution containing 2% potassium ferrocyanide for 24 hr and then reimmersed in 10% formalin (24 hr) before being placed in 20% sucrose for 24 hr. They were then sectioned (40 |j,m), stained with cresyl violet, and examined microscopically for localization of the recording sites. In all rats described in this study, histological analysis verified that the electrodes passed through the postsubiculum or the ATN.
Results
A total of 20 HD cells were recorded from the postsubiculum in 4 rats, and 7 HD cells were recorded from the ATN in 4 rats. In some experiments, more than 1 cell was recorded at a time, and cells were sometimes recorded more than once. A total of 20 cue card manipulations were conducted on the 20 cells in the postsubiculum, and 5 manipulations were conducted on the 7 cells in the ATN. In the postsubiculum, 4 manipulations were conducted on pairs of simultaneously recorded HD cells, and 4 manipulations represented repetitions of previously recorded cells. In the ATN, 2 manipulations were conducted on pairs of simultaneously recorded HD cells and no manipulations represented repetitions of a previously recorded cell. All simultaneously recorded HD cells were found to shift in register; if 1 cell's preferred direction shifted by a certain amount, the preferred direction of the other simultaneously recorded cell also shifted by a similar amount. For example, Figure 1 illustrates rotations between a standard and No Cue Card session from 2 cells recorded simultaneously in the postsubiculum and ATN.
Standard Session
All cells were first recorded in an 8-min session where the cue card was in the standard position. The mean background firing rate, peak firing rate, and directional firing range of cells recorded during the standard session is reported in Table 2 and are similar to values previously reported for HD cells in the postsubiculum and ATN (Taube, in press; Taube et al., 1990a) . The mean percentage changes in these values for subsequent sessions involving manipulations of the cue card (i.e., no cue card session or return cue card session) are also shown in this table. Our / test results showed that there were no statistically significant differences in the percentage changes for each of these parameters across the different sessions. In addition, there were no significant differences in these param-eters for the standard, No Cue Card, or Return Cue Card sessions between Series A and Series B.
No Cue Card Session
Postsubicular HD cells. For postsubicular HD cells in the No Cue Card session, the preferred direction shifted by at least 30° in 11 out of 20 manipulations (see Table 3 ). There was no trend for this shift to occur in either the clockwise or counterclockwise direction (9 cells shifted in a clockwise direction, and 11 cells shifted in a counterclockwise direction). The mean absolute shift in the preferred direction from the Standard to the No Cue Card session was 43.8° ± 1.6 (range: 0 to 168°, n = 20). The shifts in the preferred directions were not random and were more clustered around a 0° shift than would be expected by chance (Rayleigh test), r(20) = .606, p < .001. 
Return Cue Card Session
The type of Return Cue Card session conducted was determined by the extent of rotation of the preferred direction in the No Cue Card session. If the preferred direction shifted by more than 30° in the No Cue Card session, then the cue card was returned to its original position in the cylinder (Series A). If the shift in the cell's preferred direction during the No Cue Card session was 30° or less, then the cue card was returned to a position that was 90° rotated from its initial position (Series B). There was one pair of postsubicular cells recorded simultaneously that shifted 18° in the No Cue Card session that was given the Series A manipulations (Rat C, Cell 1). Series A manipulations were conducted on 13 postsubicular cells (11 manipulations) and 7 ATN HD cells (5 manipulations), whereas Series B was conducted on 10 postsubicular cells (9 manipulations). There were no Series B sessions conducted on ATN HD cells. Chamber exposure refers to the number of exposures the rat had to the chamber when the cell was recorded. The first exposure to the chamber after surgery was counted as the first exposure because exposures to the chamber during training took place in a different room. c Amount the cue card was rotated for Series B manipulations.
d lndicates which cell of the pair contained the better isolated waveform; this cell was used in computing the mean shift for that pair across the sessions.
cell's preferred direction back to the direction during the Standard session (see Table 3 ). Thus, these 8 manipulations show that the HD cells shifted their preferred direction to become consistent with their previously established relationship with the cue card. The absolute mean discrepancy between the cell's preferred direction in the Standard session and the Return Cue Card session for these 8 manipulations was 4.5 ± 1.5° (range: 0 to 12°). This value did not differ significantly from the mean absolute shift (6.6 ± 1.3°) reported previously between two standard sessions recorded from postsubicuJar cells,/(21) = 1.058,p > .05 (Taube et al., 1990b) .
The shift in the cell's preferred direction became evident the moment the rat's head passed through the preferred direction. Thus, this shift appeared to be immediate and was not a gradual one. Figure 3A shows an example of a postsubicular cell, which, after shifting its preferred direction 78° in the No Cue Card session, shifted back to its originally established direction when the cue card was returned to the cylinder. Of the 3 manipulations where the cell's preferred direction did not return to its orientation in the Standard session, two resulted in no change in the cell's preferred direction, and in the third cell the preferred direction shifted to an orientation the 17 cells shifted more than 90° (over-rotation). In the present study, all the preferred directions shifted less than 90° (underrotation); there were no shifts greater than 90°. However, the mean absolute deviation (around the expected rotation of 90°) of the nine manipulations (38.0 ± 9.5°) was not statistically different from the mean absolute deviation (23.6 ± 5.6°) of the 17 cells reported in the earlier study, f(24) = 1.305, p > .05. Thus, even though returning the cue card with the rat present did not result in significantly more error than cue card rotations, which were not visible to the rat, the error they did produce always involved under-rotations rather than overrotations of the cell's preferred firing direction. Figure 4 shows an example of a postsubicular cell with a preferred direction that did not shift in the No Cue Card session, but then shifted 72° when the cue card was returned to a 90°-clockwise rotated position.
in between that of the Standard and No Cue Card sessions. This latter cell first shifted 156° counterclockwise during the No Cue Card session. When the cue card was returned to its original position, the cell's preferred direction shifted 144°c ounterclockwise yielding a 60° difference in the cell's preferred direction between the initial standard session and the Return Cue Card session.
ATM cells. For all five manipulations conducted on ATN HD cells, when the cue card was returned to the cylinder, the cells shifted their preferred direction to the originally established direction in the Standard session. The mean absolute difference between the cell's preferred direction in the Standard and Return Cue Card sessions was 7.2 ± 2.24° (range: 0 to 12°). This value was not significantly different from the previously reported difference (4.71 ± 1.8°) between two standard sessions for ATN HD cells, f(18) = 0.865, p > .05 (Taube, in press ). As with postsubicular cells, the shift in the preferred direction was present during the first episode when the rat's head direction passed through the cell's original preferred direction. Figure 3B illustrates an ATN cell, which, after shifting its preferred direction 30° in the No Cue Card session, shifted back to its originally established direction when the cue card was returned to the cylinder.
Series B
In all nine manipulations conducted in Series B, the cell's preferred direction shifted in the angular direction of the reintroduced rotated cue card. However, the preferred directions did not always shift the same amount as the rotation of the cue card. Table 3 shows that the preferred direction shifted at least 48° for six of the manipulations. The remaining three manipulations produced shifts of 6, 24, and 24°. The mean difference between the cell's preferred direction in the Return Cue Card and Standard sessions was 52.0 ± 9.5° (range: 6 to 84°). If the preferred directions had shifted equally with the cue card, one would expect a mean value closer to 90°. These results can be compared with earlier findings of Taube et al. (1990b) in which it was reported that, when the rat was removed from the cylinder prior to a 90° card rotation, 6 out of 
Extra Sessions After Series B
Two extra sessions were conducted following completion of Series B manipulations in order to determine what factors may have prevented cells from completely shifting 90° following the reintroduction of the cue card. As described above, the preferred direction in five of nine manipulations failed to maintain their relationship with the cue card within an 18°m argin of error when the cue card was reintroduced in the Return Cue Card session (Rat A: cells 4, 5, 6(l)-7, 6(2), and Rat B: cell 4). For three of these cases (Rat A: cells 5, 6(1 )-7, and Rat B: cell 4), a Rotation Control session was conducted in which the rat was removed from the cylinder after the Return Cue Card session and then returned to it after the cylinder was cleaned, the floor paper changed, and the rat spun gently in the cardboard box. The cue card remained rotated 90° from its initial starting point in the Standard session. These sessions were performed in order to determine whether the fact that the cue card was introduced while the rat was present in the chamber was critical for preventing the cells from shifting their preferred directions equally with the cue card. If the cell's preferred direction shifted in the Rotation Control session to coincide with its previously established relationship with the cue card during the Standard session, then this finding would suggest that the preferred direction shifted only partially in the Return Cue Card session, because either dead-reckoning input or intracylinder cues were providing crucial determinants for the cell's activity. Results showed that in all three cases, the preferred direction was identical in the Rotation Control session compared with the Return Cue Card session and suggests that, unless the cell's activity had permanently changed its relationship to the cue card, internal cues and transitory external cues were not important in preventing the cell's preferred firing direction from shifting.
A Rotation Control session was also conducted in four cases (Rat A: cell 2(1), Rat B: cells 5-6, 7, and Rat H: cell 1) where the deviation from the expected rotation was less than 18°. The deviation in the Rotation Control session for these four cases was also all < 18°.
To further determine whether the relationship between the cell's preferred direction and the cue card had been altered in the experimental series, a second Standard session (Standard 2) was also performed on the three cells that shifted the least amount in the Return Cue Card and Rotation Control sessions (Rat A: cells 5,6(l)-7, and Rat B: cell 4). If the cell's preferred direction during the Standard 2 session is similar to the preferred direction of the first Standard session, then the cell's relationship to the cue card would not have changed. If, however, the cell's preferred direction during the Standard 2 session differs from that during the Standard session, then the relationship between the cell's preferred direction and the cue card has been more permanently altered. The results showed that in one of these three Standard 2 sessions (Rat B: cell 4), the cell's preferred direction was similar to its orientation in the initial Standard session. Taken together with the results from the rotation control session, the findings for this cell suggest that a secondary external cue (rather than internal cues or a transitory external cue) was present during both the Return Cue Card and Rotation Control sessions and that this secondary cue contributed to the incomplete shift during the Return Cue Card session.
For the other two cells (Rat A: cells 5, 6(l)-7), however, the preferred direction during the Standard 2 session was different compared with the preferred direction in the initial standard session; the differences in the preferred directions between the two standard sessions were 48° and 54°. This finding indicates that the relationship between the cell's preferred firing direction and the cue card had changed during the course of the manipulations. These two cases involved consecutively recorded cells in the same rat and were recorded 18 days apart. Following the recordings of the second of these two cells, four more experimental sequences were recorded from Rat A (Cells 6(2), 6(3), 6(4)-8, and 9). For the first three manipulations, reintroduction of the cue card did not lead to a complete shift in the preferred direction; the shifts were 48° (Series B), 0° (Series A), 0° (Series A), respectively. All of these three manipulations were conducted approximately 10 days later. These results suggest that the cue card may have become less important in driving HD cell discharge in these last experiments. However, in the final series recorded from this rat 2 days later (cell 9), the cell's preferred direction shifted back to its originally established relationship with the cue card during the Return Cue Card session.
Multiple Recordings Within the Same Rat
More than one series of manipulations was conducted in 2 rats for postsubicular cells. Table 3 shows that no pattern developed across time from cells recorded within the same rat. This finding was true for both the No Cue Card and Return Cue Card sessions. Furthermore, Table 3 also shows that different responses could be obtained from the same cell across different days, despite our use of identical procedures for each manipulative series. For example, cell 2 in Rat A shifted its preferred direction -6° on 1 day and 54° on another day in the No Cue Card session. Similarly, responses could also be different for the same cell in the Return Cue Card session across different series; compare Rat A, cell 6(1) with cell 6(2). Figure 5A and 5B show two experimental series conducted on the same cell; cells 6(2) and 6(3) in Table 3 .
Discussion

Principal Findings
In our experiments, HD cell activity was monitored when a familiar cue was removed from the environment and then suddenly returned into a position that conflicted with the cell's current preferred direction. The findings showed that for HD cells in the postsubiculum and ATN, the reintroduction of the familiar cue usually led to an immediate shift in the preferred direction back to its originally established orientation with the salient landmark. Although HD cells shifted their preferred direction in response to these environmental manipulations, there were no significant changes in other discharge parameters, such as background firing rate, peak firing rate, or directional firing range. To determine what information the reintroduction of the cue card was interacting with in affecting an HD cell's response, it was critical for us to assess what cues the cells were relying on to maintain their preferred direction during the No Cue Card session. Previous studies, where a salient visual cue has been rotated in the environment, have shown that the visual cue can exert control over the HD cell's preferred direction in both the postsubiculum and ATN (Taube, in press; Taube et al., 1990b) . Recent studies have also shown that HD cells in these same brain areas are sensitive to idiothetic cues. For example, when a rat moves from a familiar environment with well-established orientation cues to a novel environment without familiar landmark cues, the cell's preferred firing direction and other discharge characteristics remain nearly constant (Taube & Burton, 1994) . Because familiar landmark cues in the novel environment are probably absent, the cell is most likely using idiothetic cues in order to continuously update its preferred firing direction.
Although we took precautions to eliminate any carryover of sensory information concerning the rat's orientation from the Standard session to the No Cue Card session, secondary sensory cues within the recording room were probably also being used for orientation during the No Cue Card session because the shifts in the No Cue Card session were not random (as would be expected if only idiothetic cues were being used, because these cues were disrupted while the rat was spun in the cardboard box) and were generally confined to directions within 90° of the original preferred direction in the Standard session. These results were similar to those reported by Taube et al. (1990b) from a smaller population of postsubicular cells. Secondary cues, which may have aided the cell in defining its preferred firing direction at the beginning of the No Cue Card session include (a) high-frequency noise from the electronic equipment in the room, (b) the off-center position of the overhead suspended video camera, and (c) extraneous noise from outside the recording room. However, once a reference point was defined at the outset of the No Cue Card session, dead-reckoning inputs also probably contributed to the maintenance of the cell's preferred direction during the course of the session.
Returning the cue card to the cylinder in the presence of the rat usually led to a shift of the cell's preferred firing direction back to its previously established relationship with the cue card. This finding suggests that familiar cue-landmark information can override both internally driven directional information from idiothetic cues and other secondary landmark cues within the room. Although HD cells were responsive to idiothetic sensory cues, the abrupt change in the preferred direction indicates that idiothetic cues were not strong enough to overcome the directional information provided by the landmark cue. In addition, the abrupt shift in the preferred direction was not dependent on whether the card was returned to its initial position in the standard session or to a rotated position. These abrupt shifts have also been reported for other types of manipulations involving HD cells (Taube & Burton, 1994 ; described further below) and indicates that the neural circuitry underlying the processing of directional heading information undergoes an abrupt state change rather than a more gradual one. This abrupt state change in the neural circuitry is analogous to the perceptual state change that occurs in the visual system when looking at certain types of ambiguous 3-D figures, such as the Necker cube.
Comparison With Other Studies
Our findings are consistent with a study by Taube and Burton (1994) , who reported that once a rat is familiarized with an environment, even if only for a short time period, landmark information predominates over dead-reckoning input. In their experiment, rats initially moved from a familiar environment (a cylinder) to an unfamiliar environment (a rectangle) through a connecting alleyway and found that HD cells maintained a similar preferred firing direction in both environments. Then, with the rat out of view, the salient cue in the cylinder was rotated 90°, and the rat was returned to the apparatus. As predicted from previous experiments, the HD cell's preferred direction also shifted about 90°. When the rats were allowed to move back into the rectangle, the preferred direction shifted immediately to its previously established firing direction in the rectangle rather than maintaining the shifted direction. This finding demonstrates how landmark information, even when the rat is only exposed to the environment for a short period, is capable of overriding inputs from idiothetic sensory cues. Our findings are also consistent with the behavioral studies described earlier by Etienne et al. (1985) , who reported that when both idiothetic and external sensory cues were present and conflicted with one another, external cues were found to guide the rat's direction of movement.
When navigating by using only idiothetic sensory information, a rat is likely to make large mistakes because errors tend to accumulate over time. Rats avoid subjecting themselves to these potential errors by using familiar landmark sensory cues in an episodic manner to update their current orientation (Gallistel, 1990; McNaughton et al., 1991) . By relying more on landmark sensory cues rather than internal sensory information, accurate navigation is more likely to occur. Thus, it is not surprising that the introduction of the familiar orientation cue led to a shift in the HD cell's preferred direction. Our results are consistent with preliminary work by McNaughton, Markus, Wilson, and Knierim (1993) , who showed that when a cylinder containing familiar cues was rotated, HD cells shifted their preferred direction in register with the familiar cues. This shift occurred independently of the speed at which the cylinder was rotated. However, if the cylinder contained no familiar cues and was rotated at a speed above the vestibular threshold, the preferred direction did not shift and remained tied to the reference frame of the laboratory. When the unfamiliar cylinder was rotated at a speed below the vestibular threshold, the cells again shifted their preferred direction. This finding suggests that the dead-reckoning system may be overridden when familiar landmark cues are available to the rat but that HD cells rely on idiothetic input only when unfamiliar cues are available.
In contrast, our results are not consistent with findings reported by Wiener (1993) for striatal head direction cells. He found that the preferred direction of striatal HD cells generally shifted with the arena, when the arena, but not the dominant orientation cue (a light), was rotated in the rat's presence. Wiener suggested that striatal HD cells were not responding to external landmark cues (i.e., the dominant nonrotating cue), but rather were responding to internal cues resulting from the rat's detection of the arena's rotation. However, it is still possible that intra-arena cues other than the light were being used by the cells (such as urine spots left by the rat or the suspended video camera in one corner of the apparatus that did rotate with the arena). More importantly, in most studies the contribution of internal cues is inferred by the maintenance of an HD cell's preferred direction rather than its shifting. If vestibular input was being monitored to track rotations in the arena, then the cells should compensate for the arena's rotation and maintain their original preferred direction, as occurred in the studies described above by McNaughton et al. (1993) . Indeed, behavioral studies have shown that animals will maintain their sense of direction with respect to the laboratory reference frame when rotated in the dark by presumably monitoring their vestibular system. For example, Mittelstaedt and Mittelstaedt (1980) showed that the desert mouse was capable of compensating for an angular rotation of its environment and successfully returned to its nest in the dark. Therefore, these considerations make it difficult to precisely compare the findings of striatal neurons with those from postsubicular and ATN HD cells.
In another study, Mizumori and Williams (1993) reported that "head direction-tuned" neurons in the lateral dorsal thalamus (LDN) became unstable when the capability of using visual cues for orientation was removed by dimming the overhead lights. In particular, when the rat was brought into a darkened room and placed on the apparatus, the cells were not directional. However, when the room was darkened after the rat had been exposed to a lit room, the cells continued to be directional, but the preferred direction drifted away from its initial orientation. Under the latter dark conditions, one would have predicted that the cell's preferred firing direction could have been maintained by dead-reckoning inputs. Their finding that the preferred direction was not sustained under these conditions therefore suggests that LDN HD cells may not receive idiothetic sensory inputs and that they respond much differently than postsubicular and ATN HD cells.
Exceptions to the Norm
Although postsubicular HD cells usually shifted their preferred direction when the cue card was reintroduced into the environment, there were some important exceptions. In Series A, there was no shift in the preferred direction for 2 of 11 Return Cue Card sessions, and in Series B where the cue card was returned to the cylinder in a 90°-rotated position, only four of nine manipulations resulted in a near-complete 90°-shift of the cell's preferred direction. The remaining manipulations resulted in only partial shifts in the preferred direction.
The extra sessions conducted in Series B provide an explana-tion for why some of these cells failed to shift completely when the cue card was returned. The Return Cue Card and Rotation Control sessions differed only in that the cue was returned to the chamber while the rat was present for the Return Cue Card session, but not in the Rotation Control session. In both sessions, the cue was rotated 90° from its standard position. Because the cells' preferred firing directions were not different between the two sessions, the preferred direction could only have failed to shift completely because the cell was using extramaze cues in the environment that did not rotate. If dead-reckoning input had been critical in preventing the cells from rotating when the cue card was reintroduced in the Return Cue Card session, then it is likely that their preferred firing direction would have shifted completely in the Rotation Control session, because all information obtained through dead-reckoning input would have been disrupted when the rat was spun in the cardboard box. Nevertheless, it is still possible that during the Return Cue Card session, internal sensory inputs prevented these cells from shifting completely with the reintroduction of the cue card and that after the 8-min session, an entirely new relationship was established between the cell's preferred firing direction and the cue card. To examine this possibility, we conducted a second standard session after the rotation control sessions for the three cases in which the cells' preferred direction shifted less than 30°. The results from one series indicated that the cell's preferred firing direction was unchanged from what it had been in the standard session, but for the other two series, the cell's preferred firing direction was different from its original orientation in the first standard session. This finding implies that whatever prevented the cells' preferred direction from completely shifting in the Return Cue Card session may have allowed the cell to develop an entirely new relationship with the cue card. It is also possible that partial shifts can be attributed to the difficulty for cells and neural systems to make larger shifts. This notion is consistent with a preliminary study by Rotenberg, Kubie, & Muller (1993) , who examined the shifts in place fields of hippocampal place cells after small or large rotations of the cue card in a chamber similar to the one used in the present study. They reported that a place cell's place field could be shifted 180° when the cue was rotated gradually in 45°-increments. However, if the cue was rotated 180° all at once, the place fields failed to shift completely. These findings suggest that when large environmental changes occur with respect to familiar cues, dead-reckoning input may predominate over cue-landmark input. This explanation may account for why cells in Series B usually undershifted in response to the reintroduction of the cue card in a rotated position. In contrast, when the cue card is rotated with the rat out of view, internal sensory inputs cannot provide directional information. Under these conditions, over-rotations are observed nearly as frequently as under-rotations (Taube et al., 1990b) . Finally, consistent with these notions are the findings that counterclockwise or clockwise rotations of the cue card in 90°-increments while the rat is present in the chamber consistently results in under-rotations (Taube et al., 1990b) .
For the two cases in Series A in which the cell's preferred direction failed to shift with the reintroduction of the cue card, the factors contributing to this result remain unclear because no extra recording sessions were conducted for these two cells.
However, these two cases were from cells recorded consecutively from the same rat. Furthermore, there were occasions, both before and after these two series, where the preferred direction for other recorded cells did shift back to its previously established relationship with the cue card during the Return Cue Card session. Thus, it was not the case that the HD cells in that rat had begun to use other secondary cues within the room for orientation and continued to use these same cues in subsequent experiments.
Network Properties
Previous studies on both place cells and HD cells have shown that environmental manipulations lead to similar effects across all cells recorded simultaneously (Bostock, Muller, & Kubie, 1991; O'Keefe & Speakman, 1987; Taube et al., 1990b) . Thus, cells appear to remain in register and maintain similar relationships with one another, both before and after the environmental manipulation. This finding indicates that the inputs driving one cell must be similar to the inputs driving the second cell in the same brain area. All the manipulations in the present study are consistent with this notion because pairs of simultaneously recorded HD cells always shifted their preferred directions similar amounts during the experimental manipulations. This result suggests that recordings made from one cell provide information concerning the activity of the population of cells within that brain area. It would be interesting to determine whether pairs of HD cells recorded simultaneously from the postsubiculum and ATN also shift in register following environmental manipulations.
Our findings showed that not only did some cells respond differently to a series of manipulations but that the same cell within 1 rat also responded differently on separate occasions for both the No Cue Card and Return Cue Card sessions. Thus, HD cells recorded at different times within the same rat sometimes responded by shifting their preferred direction, and on other occasions the preferred directions did not shift during the No Cue Card session. Similarly, there were cases when the preferred direction of HD cells did not reestablish their original relationship with the cue card during the Return Cue Card sessions. Although these findings could be interpreted as evidence for different classes of HD cells, we consider this hypothesis unlikely for two reasons. First, as discussed above, on all occasions when two cells were recorded simultaneously, the two cells always shifted their preferred directions together, such that their preferred directions maintained the same angular relationship between them. If there were two classes of HD cells within these brain areas, then one would expect to find differences in the preferred directional shifts within pairs of cells undergoing the same environmental manipulations. Second, the findings from the two cells that were recorded twice show that the same cell was capable of responding differently on separate occasions, despite the fact that the cell was recorded under identical conditions in each series. Taken together, our results argue against the presence of two different cell classes.
Interestingly, for the 2 rats where several series were performed (Rats A and B, Table 3 ), no discernible pattern of responses developed across the different series of manipulations. The absence of an explicit pattern is clearly evident with the cell that was recorded twice, where the cell's preferred direction showed no shift in the first No Cue Card session but shifted 42° in the second No Cue Card session. These results are different from an earlier report showing that for a set of six No Cue Card sessions recorded within the same rat, postsubicular HD cells responded similarly across the first three sequences and again across the last three sequences (Taube et al., 1990b) . Finally, because the preferred directional shift of one cell appears reflected in the population of cells, the response differences observed across different cells are attributed to the fact that these cells were recorded on different days and under slightly different conditions. Taken together, the variability observed across cells is not due to the presence of different cell classes, but rather to the nature of the environmental manipulations imposed on the rat at a particular time. The factors that control how a rat/HD cell interprets the orientation cues within its environment, such that it responds one way on one occasion and another way on a different occasion, remain to be explored.
Summary
A variety of sensory cues (both internal and external) can provide input for the discharge of HD cells. However, it remains unclear how these different sensory cues interact in determining the HD cell's preferred direction and in directing the rat's behavior. The cell may be comparing sensory inputs from the dead-reckoning and cue-landmark systems on a continual basis. Alternatively, information from idiothetic sensory cues may predominate most of the time, except when the rat focuses its attention on landmark cues in an episodic manner. In the set of manipulations described here, the cue-landmark system was capable of overriding input derived from idiothetic sensory cues. However, this arrangement may not always occur, and there may be conditions under which either the salience of the landmark cue is downgraded or the importance of the dead-reckoning input is increased where idiothetic cues can be made to predominate over landmark information. It is thus important to develop measures that allow the assessment of the inherent strength of these two types of input, independent of the particular circumstances of the experiment. Finally, given that these different sensory inputs converge on postsubicular and ATN HD cells, it will be important to determine where in the brain these different sensory signals first converge and how this integration is accomplished at a neuronal level. Nonetheless, our experiments suggest that by the time spatial information arrives in the postsubiculum and ATN, HD cell discharge is driven more by sensory information concerning landmark cues than by idiothetic cues.
